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KINETICS OF HYDRAZIKIUM DIPERCHLORATE THERMAL 
DECOMPOSITION B Y  FLASH MASS THERMAL ANALYSIS':: 

J. A. Hammond, Yuji A .  Taj ima ,  W .  Glenn Staplcton, L\. E .  Raumgar tnc r  

Lockheed Propuls ion Company, Rrdlands,  California 

1. INTRODUCTION 

The  kinetic mechan i sms  of decomposition o f  propellant ingredients 
a r e  of v i ta l  i n t e re s t  to  t he  propellant chemis t  when it b e c o m e s  n e c e s s a r y  t o  
fo recas t  p rope l lan t  t h e r m a l  stabil i ty and shelfl ife,  t o  de t e rmine  the  ignition 
and combustion kinetics of the propellant,  and t o  pred ic t  the  sens i t iv i ty  of 
the propellant to  impact  ( shock)  o r  frictional fo rces .  
ene rge t i c s  and m e c h a n i s m  of the  initiation s tep ,  and the  p roduc t s  fo rmed  
the reby  a r e  impor tan t .  
experimental  techniques for  measu r ing  reac t ion  kinetics.  

In e a c h  c a s e ,  the 

These  p a r a m e t e r s  a r e  not ea s i ly  obtained by m o s t  

2. BACKGROUND 
' . Unique techniques  fo r  determining the ene rge t i c s  and kinetics of 

the initiating reac t ion  which occur  during pyro lys i s  of solid propellant 
ingredien ts  have been developed. 
s m a l l  s a m p l e s  coa ted  on a plat inum ribbon h e a t e r / t h e r m o m e t e r  mounted 
in c lose  proximity to the e l ec t ron  b e a m  of a Bendix Time-of-Fl ight  ( T O F )  
mass  s p e c t r o m e t e r .  
w a s  synchronized with the  T O F  ana lys is  cyc le s .  T h e s e  techniques afford 
s e v e r a l  dist inct  advantages in the  study of t h e r m a l  decomposi t ions:  

The vacuum essen t i a l  to  operation of the T O F  a s s u r e s  

These  techniques involve the use  of v e r y  

Heating of the sample  by  capac i tor  or  b a t t e r y  d i scha rge  

o 
identification of t h e . p r i m a r y  decomposition spec ie s .  

o A v e r y  s m a l l  amount  (5-10 m i c r o g r a m s )  of s a m p l e  is applied 
a s  a thin coa t ing 'on  a . compara t ive ly  la rge  m a s s  of supporting ribbon, 
a s s u r i n g  c lose  com,pliance of the  sample t e m p e r a t u r e  t o  the  ribbon t e m p e r -  
a t u r e  a t  a l l  t i m e s .  

o The inclusion of the  platinum ribbon in  a r e s i s t ance  br idge  
c i rcu i t  s o  that  it a c t s  a s  i t s  own t h e r m o m e t e r  to  e l imina te  e r r o r s  in 
t e m p e r a t u r e  m e a s u r e m e n t  assoc ia ted  n i t h  ex te rna l  measu r ing  s y s t e m s ,  
i .  e . ,  emit tance va lues  for  optical  py romet ry ,  l a rge  hea t  sink and t h e r m a l  
lag of a t tached  thermocouples  or  other heat-sensing devices.  

o Method sensit ivity,  resolution, wide r e sponse  range ,  a l lows  
continuous separa t ion  and ana lys i s  of decomposition spec ie s  a t  widely 
different reac t ion  r a t e s .  

. .  
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o The v e r y  rapid ( 3  s 1O7"C/sec.  ) heating rate  a t ta inable  with 
the capaci tor  d i s c h a r g e  p e r m i t s  stepmise i s o t h e r m a l  ana lys i s  of the sample  
decomposi t ion a t  the d e s i r e d  pyrolysis  t e m p e r a t u r e .  
determining induction t i m e s  t o  explosion, s l m i l a r  to Wenograd 's  method 
(Ref.  1) .  
(o r  I s o t h e r m a l  FMTA).  

This  i s  essent ia l  f o r  

T h i s  method is called I so thermal  F l a s h  M a s s  T h e r m a l  Analysis  

o The l e s s  rapid heating r a t e s  (10-1000"C/sec. ) at ta inable  over  
longer  t i m e s  ( l inear  up to 2 s e c .  at  100"C/src .  ) permi t  study of reac t ions  
which control  the s tabi l i ty/shelf l i fe  of the m a t e r i a l  o r  propel lants ,  a s  wel l  
a s  of the  reac t ions  wrhich occur  in the t h e r m a l  n a v e  zone a t  the sur face  of 
a burning propel lant .  
mat ica l ly  d i f fe ren t ia l s  so that  many fac tors  m a y  be der ived  without extensive,  
t e d i o u s ,  and poss ib ly  inapplicable cal ibrat ion procedures .  
ca l led  Dynamic FMTA. 

Al l  quant i t ies  m e a s u r e d  b y  th i s  s y s t e m  a r e  mathe-  

This  method is 

o React ion m e c h a n i s m s  can  be infer red  f r o m  the o r d e r  of 
appearance  and  t e m p e r a t u r e  of appearance  of the var ious  pyro lys i s  spec ies .  

T h e s e  techniques were or iginated in 1962 for  the study of the 
phenomena which o c c u r  in the fizz zone of a burning propel lant  when the 
t e m p e r a t u r e  r i s e s  f r o m  that of the bulk of propellant (-300°K) t o  that 
of the flame (up to  3000"K),  within a dis tance of approximately 1 m i l l i m e t e r ,  
c r e a t i n g  high t e m p e r a t u r e  and concentrat ion gradien ts .  Subsequently,  and with 
some modification, t h i s  technique h a s  provided a n  equally powerful tool for 
elucidating the decomposi t ion m e c h a n i s m s  and e n e r g e t i c s  of high energy  
b i n d e r s  and oxidizer  pyro lyses  a t  heating r a t e s  in the  range of 100 to  200°C/ 
s e c .  Data acquis i t ion ,  as  wel l  a s  data reduct ion techniques,  have been 
developed which a r e  n e c e s s a r y  t o  e lucidate  the detai led decomposition 
reac t ions  for  the p r i m a r y  products  under  a broad  range of exper imenta l  
conditions ( e .  g . ,  heat ing r a t e s ) .  Mathematical  models  have been  developed 
which have been  u s e d  in conjunction with a computer  to  es tab l i sh  the 
t e m p e r a t u r e  a c r o s s  the sample  a r e a  on the platinum ribbon h e a t e r .  
mathemat ica l  technique h a s  been  developed which takes  advantage of the 
unique different ia l  data  acquis i t ion mode during dynamic FMTA to der ive 
r e a c t i o n  act ivat ion e n e r g i e s ,  and eventually,  the absolute  reac t ion  r a t e s .  

A 

3 .  E X P E  RIMEN TA L TECHNIQUES 

T h e r m a l  decomposi t ion r a t e s  of propel lants  /propel lant  ingredients  
can  be very  high. 
of t h e s e  compounds should,  t h e r e f o r e ,  be capable of acquir ing data  at  r a t e s  
c h a r a c t e r i s t i c  of the  p r o c e s s e s .  
developed for  such invest igat ions u t i l i zes  the fas t  scan speed of the Bendix 
TOF m a s s  s p e c t r o m e t e r .  The sample ,  weighing 5 t o  2 0  m i c r o g r a m s ,  is 
coated on a r e s i s t i v e  plat inum ribbon which i s  located 2 m i l l i m e t e r s  f r o m  
the ionizing e l e c t r o n  b e a m  of the m a s s  s p e c t r o m e t e r .  
s a m p l e  is heated by  m e a n s  of a b a t t e r y  d ischarge  for  s l o w  heating r a t e s  o r  
a capica tor  d i s c h a r g e  for  fas t  heating r a t e s .  The r ibbon f o r m s  one a r m  of 
a Wheatstone b r i d g e ,  by m e a n s  of which the t e m p e r a t u r e - t i m e  prof i le  of the 
ribbon and sample  i s  de te rmined .  
1000"C/sec . ,  the  mass s p e c t r a  displayed on an osci l loscope a r e  monitored 
continuously by  fas t  c inematography.  
shown schemat ica l ly  in F igure  1. 

The  ins t ruments  and techniques used  to  study the pyrolysis  

The m a s s  t h e r m a l  analyt ical  technique 

The r ibbon and 

For  heating r a t e s  in the range  of 10 to  

The  exper imenta l  a r r a n g e m e n t  i s  
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a .  The Bendix Time-of-Fl ight  Mass  Spec t romete r  (TOF) 

The T O F  ins t rumen t  cons i s t s  bas i ca l ly  of t h ree  sec t ions :  the 
ionization chamber ,  the flight tube,  and the detector  mul t ip l ie r .  
n o r m a l  mode of operat ion,  ions a r e  produced by a beam of e l ec t rons  
of controlled ene rgy  e v e r y  50 to  100 mic roseconds .  
cycle can be eas i ly  achieved) .  Immedia te ly  a f t e r  the e l ec t ron  pulse,  
voltage pulses  a r e  applied xh ich  a c c e l e r a t e  the  posit ive ions with ident ical  
kinetic ene rg ie s  p e r  unit charge into the flight tube. 
tube is f ie ld-free,  the ions t r a v e l  a t  veloci t ies  proport ional  to  & 
(e  and m a r e  charge and m a s s ,  r e spec t ive ly )  and thus a r r i v e  a t  the detector  
a t  d i f fe ren t  t i m e s .  The  detector  mult ipl ies  the s ignal  resul t ing f rom each 
group of ions u i th  given a r r i v a l  t i m e s ,  yielding a n  i n t e n s i t y - - a r r i v a l  t ime 
( m / e )  spec t rum of the ions produced in the ionization chamber .  When the 
voltage and  e l ec t ron  pu l ses  a r e  applied e v e r y  100 mic roseconds ,  a complete 
s p e c t r u m  (in the m / e  range of in te res t  h e r e )  i s  obtained e v e r y  100 m i c r o -  
seconds.  

In the 

(A 100 mic rosecond  

Because  the f l i  ht 

\ 

\ 

M a s s  resolut ion of the Bendix is such that no m o r e  than a 1 percent  
peak height contribution e x i s t s  between adjacent  peaks (one m a s s  unit a p a r t )  
in  the Hg spec t rum a t  m / e  of 200. 

b.  The Sample Holder 

To achieve high heating r a t e s ,  it i s  essent ia l  that  the sample  
holder  be of low m a s s  (low heat  content) .  
heat the sample,  the  geomet ry  must  be such a s  to  ensu re  a r easonab le  
e l e c t r i c a l  r e s i s t ance  for ohmic  heating. 
constructed of a re la t ively non-react ive metal .  
d ic ta ted the use  of a platinum ribbon sample  holder .  
(15 by  1. 02 by 0.025 m m )  p e r m i t s  distribution of the s m a l l  s ample  over  a 
la rge  a r e a ,  resul t ing in a v e r y  thin f i lm which e n s u r e s  good t h e r m a l  contact 
and c lose  compliance of s ample  t e m p e r a t u r e  t o  the ribbon t e m p e r a t u r e .  

Since it is des i r ab le  to  e lec t r ica l ly  

The sample  holder  mus t  a l s o  be 
All  t hese  cons t r a in t s  

The wide,  flat ribbon 

A Bendix Direct  Inlet P robe ,  Model 843A. which p e r m i t s  a c c e s s  
t o  the m a s s  s p e c t r o m e t e r  ionization chamber  by  m e a n s  of a pumped vacuum 
lock, was adapted t o  support  the platinum ribbon which b e a r s  the sample.  
The a r r angemen t  is shown in F igu re  2 .  
the  m a s s  s p e c t r o m e t e r ,  the sample  is approximately 2 m i l l i m e t e r s  f rom 
the ionizing electron beam.  
spec t rum than would be possible  for a sys t em in which the sample  was 
located at  g r e a t e r  d i s t ances  f rom the e l ec t ron  beam.  Also,  products  
which a r e  short l ived may  be detected be fo re  they decay t o  secondary  species .  

When the probe is posit ioned in 

Th i s  a r r angemen t  r e s u l t s  i n  a higher  intensity 

The ionization chamber  i s  cryogenical ly  pumped with two special ly  
designed liquid nitrogen cold t r a p s .  
r e s idua l  H 0 background is reduced to  p rac t i ca l ly  z e r o  and (b)  pyrolysis  
products  w i i c h  e scape  f rom the ionization region a r e  t r apped  before  they 
can rebound f rom the walls and r e e n t e r  the ionization region.  
that  mos t  of the products  which a r e  being analyzed a r e  detected while in a 
high ene rgy  s ta te  and have not coll ided with sampling sys t em walls .  

The i r  function i s  two-fold; (a) the 

Th i s  i n s u r e s  
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c .  Sample Heating Systt.nl 

In t h e s e  expe r imen t s ,  p: samplc: m a y  1 3 ~  h c a t r d  in two tliffcrent 
( a )  flash heating ( 3  x 10 m o d e s :  

(b) a s l o a e r  t e m p e r a t u r e  r a t e  of i n c r e a s e  which has been va r i ed  f r o m  
100-200"C/sec.  In e i t h e r  c a s e ,  the  platinum filament cons t i tu tes  one 
a r m  of a Wheatstone b r idge .  
i s  nulled.  
b e c o m e s  unbalanced. 
and r eco rded  photographically.  

C / s e c .  ) t o  a n  i s o t h e r m a l  condition and 

J u s t  p r i o r  t o  each  sample run ,  t he  br idge  

The  output signal of the  br idge  i s  fed to a n  oscil loscope 
The c i r cu i t  d i ag ram i s  p re sen ted  in F igu re  3 .  

A s  the  r ibbon i s  heated,  i t s  r e s i s t a n c e  changes and  the  br idge  

T h e  heating of the  ribbon during Dynamic FMTA is produced b y  
a 24-volt b a t t e r y  connected in series with the  br idge .  
m a y  b e  var ied  with a rheos ta t  a l s o  in  s e r i e s  with the br idge .  
only method which w a s  u s e d  fo r  the work r e p o r t e d  he re in .  

The  rate of heating 
This is the  

F l a s h  hea t ing  of the  s a m p l e  to  a n  i s o t h e r m a l  condition for  
I so the rma l  FMTA is accomplished by discharging a high voltage from a 
capac i to r  through the  platinum ribbon. The capac i to r  is cha rged  by  the  
hydrogen thy ra t ron .  A constant low voltage f r o m  a 24-volt ba t t e ry  s e r v e s  
a s  t h e  br idge  power  supply which enab le s  the  t e m p e r a t u r e  t o  be m e a s u r e d  
a f t e r  the  c u r r c n t  s u r g e  f r o m  the  capac i tor  h a s  subs ided .  The  duration of 
the  capac i tor  d i s c h a r g e  i s  l e s s  than 10 mic roseconds .  
FMTA,  the b r idge  output i s  fed to  a n  osc i l loscope  and  is r eco rded  photograph- 
ica l ly .  

As i n  the dynamic 

In both m o d e s ,  the  r e s i s t a n c e  of t he  plat inum ribbon is calculated 
f r o m  the  well-known Wheatstone br idge  re la t ionships ,  using the  br idge  
imbalance potential  a t  s e l ec t ed  t i m e  in t e rva l s .  T h e  t e m p e r a t u r e  a t  each  
t i m e  is then de r ived  f r o m  the known r e s i s t a n c e - t e m p e r a t u r e  behavior of 
t he  platinum ribbon. 

d.  Data Record ing  Techniques 

Time-of-f l ight  m a s s  s p e c t r o m e t r y  lends  i tself  wel l  t o  fas t  pyro lys i s  

T h i s  r ap id  rate p e r m i t s  t h e  u s e  of v e r y  small samples  
s tud ie s  because of i t s  r ap id  sampling r a t e  (10 K H z )  o v e r  the  s p e c t r u m  of 
12 t o  250 mass units.  
and s m a l l  heat s o u r c e s  which cha rac t e r i s t i ca l ly  p o s s e s s  low hea t  capac i t ies  
and the re fo re  r e q u i r e  l e s s  ene rgy  for  a given t e m p e r a t u r e  inc rease .  

, 

Rapid a n a l y s i s  coupled with e x t r e m e l y  shor t  pe r iods  in which the  
py ro lys i s  products  a r e  ava i lab le  for detection p r e s e n t  s o m e  s t r ingent  
r e q u i r e m e n t s  for r eco rd ing  data.  In t h e s e  expe r imen t s ,  t he  t i m e  r ange  
of in t e re s t  m a y  be a s  shor t  as  a hundred mic roseconds  o r ,  a t  m o s t ,  two 
seconds .  Obviously,  t he  da ta  m u s t  b e  r e c o r d e d  photographically f r o m  a n  
osc i l loscope  t r a c e .  

F o r  the  dynamic  FMTA, a Mill iken DBM-5C high speed framing 
c a m e r a  was employed  t o  photograph the s p e c t r u m  osc i l loscope  t r a c e  a t  a 
speed  of 200 f r a m e s / s e c o n d  o r  1 f r a m e  e a c h  five mi l l i seconds .  
t h e  nominal heating r a t e  was 100"C/sec.  
py ro lys i s  event  w a s  usua l ly  completed within two seconds .  
t he  t e m p e r a t u r e  t r a c e  osc i l loscope  with the s p e c t r u m  displayed on the 
osc i l loscope ,  a f l a sh lamp  was t r igge red  s imultaneously with the  beginning 
of c u r r e n t  input t o  t h e  ribbon. The  f lash  ove rcxposes  the  f i r s t  few f r a m e s  

In genera l ,  

To  synchronize 
With the  s m a l l  s ample ,  the  
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of the spec t rum,  thereby marking  the beginning of the heating. 
t r i g g e r  pulse that f i r e s  the f lashlamp is a l s o  used  to  t r igger  the  sweep 
of the t e m p e r a t u r e  t r a c e  osci l loscope.  
ope ra t e s  continuously at  100 microsecond in te rva ls ,  the exper iment  may  
be  begun a t  any t ime without an e r r o r  in t ime of g r e a t e r  than 100 mic roseconds .  
Th i s  p r e s e n t s  no s e r i o u s  e r r o r  in t ime o r  t empera tu re  for expe r imen t s  
las t ing one second, covering 10, 000 complete s p e c t r a .  
f rom m / e  = 12 t o  m / e  = 250 a r e  continuously dlsplayed on another  osci l loscope.  
Th i s  t r a c e  i s  photographed by a c a m e r a  operating a t  200 f r a m e s  per  second,  
so that data i s  r eco rded  a t  five mil l isecond in te rva ls .  Th i s  i s  suff ic ient ly  
fas t  to  p e r m i t  accu ra t e ly  following the s p e c i e s  formed in r eac t ions  induced 
b y  heating a t  r a t e s  f rom 100 to  200°C/sec .  In th i s  heating r a t e  range,  the 
r a t e  of t e m p e r a t u r e  r i s e  i s  0.1 to  O.Z"C/mill isecond, which co r re sponds  
t o  0.01 t o  O.O2"C/complete m a s s  spec t rum t r a c e  o r  to  0 . 5  to l . O ° C / f r a m e  
of fi lm. T h e r e f o r e ,  e r r o r s  in t e m p e r a t u r e  cor re la t ion ,  induced by  one 
o r  s e v e r a l  f r a m e  uncertainty for  the  s t a r t  of the exper iment  would introduce 
a n  e r r o r  no g r e a t e r  than that involved in the ini t ia l  ( z e r o  t i m e )  sample  
t e m p e r a t u r e  measu remen t .  

Thc s a m e  

Since the m a s s  spec t rog raph  

The m a s s  s p e c t r a ,  

e .  Sample  P repa ra t ion  

A c r i t i c a l  s tep  in t h i s  ana lys i s  technique i s  insuring that the sample  
is uniformly dis t r ibuted ove r  the  su r face  of the pyrolyzing hea t  sou rce .  
F r o m  the standpoint of heat t r a n s f e r  to the sample  sou rce  hea t  capaci ty  and 
low p r e s s u r e  r equ i r emen t  of the m a s s  s p e c t r o m e t e r  vacuum the  sample  
m u s t  be on the o r d e r  of 5-20 m i c r o g r a m s  t o  achieve the bes t  r e s u l t s .  
Samples  of sol id  ox id i ze r s  o r  fuels  have been dissolved in sui table  solvents and 
deposited on the cen te r  0. 5 cen t ime te r  of the platinum ribbon in a d r y  box. 
F o r  example,  H P  
concentrat ion in d%y methyl  a lcohol  by m e a n s  of a m i c r o  syr inge,  and the 
solvent allowed to  evapora t e .  The sample  is then t r a n s f e r r e d ,  in  a d r y  
bag,  to  e i ther  the m a s s  s p e c t r o m e t e r  o r  t o  a be l l  j a r  and subjected t o  
vacuum for  2 t o  20 hour s  t o  r emove  the l a s t  t r a c e s  of solvent.  
on the ribbon and holder ,  i s  then affixed t o  a probe,  i n se r t ed  into posit ion 
inside the m a s s  spec t romete r  through the vacuum lock. 
then heated by the ba t t e ry  d i scha rge  for  dynamic FMTA. 

is applied to  the su r face  a s  a un i form film of a known 

The  sample,  

The sample  is 

4 .  DATA REDUCTION AND ANALYSIS 

a .  Hydraz inium Diperchlorate  (HP2 ) Decomposition 

The  technique has  been t e rmed  Dynamic F la sh  Mass  T h e r m a l  
Analysis  (or  Dynamic FMTA, for  s h o r t ) .  Th i s  terminology a r i s e s  b y  
anaology t o  t h e r m a l  methods  of analysis  a l r e a d y  in use ,  e spec ia l ly  
the rmograv ime t r i c  ana lys i s  (TGA) techniques which it m o s t  c lose ly  
r e s e m b l e s .  T h e r e  a r e  two bas i c  modes  of operat ion.  
ut i l izes  l inear ly  p rogrammed  heating combined with continuous ana lys i s  
by  the m a s s  s p e c t r o m e t e r ,  and thus is analogus t o  dynamic TGA. The  
second mode u s e s  an e x t r e m e l y  fast  heating t o  a n  i so the rma l  condition, 
and  thus r e s e m b l e s  i s o t h e r m a l  TCA. 
mode a r e  ex t r eme ly  r ap id  compared  to those in common use ,  the heating 
mode  is analogous to  "flash" heating by other  means .  
f i r s t  and second modes  a r e  ap t ly  desc r ibed  a s  Dynamic FMTA, and 
I so the rma l  FMTA, r e spec t ive ly .  The dynamic FMTA method h a s  been 
used  to  study the decompoeition mechan i sms  and ene rge t i c s  of HP2 and 
NC, and t o  e s t ab l i sh  the validity of the technique. 

The f i r s t  mode 

Since the heating r a t e s  i n  e i ther  

T h e r e f o r e ,  the 
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This  me thod  a l s o  c lose ly  r e s e m b l e s  the Diffcrential  T h e r m a l  
Analysis  (DTA) o r  Dif fe ren t ia l  Scanning C a l o r i m e t r y  (DSC) techniques a s  
r e g a r d s  l i nea r ly  p r o g r a m m e d  sample  heating r a t e s  and data evaluation, 
except that t he  da ta  r e p r e s e n t  ana ly t ica l  t i m e  resolved m a s s  spec t r a  data 
ins tead  of in tegra ted  c a l o r i c / t h e r m a l  data,  and a considerably f a s t e r  
i n s t rumen t  r e s p o n s e  t i m e  i s  provided by using high speed  cinematography 
of the scope d isp lay  r a t h e r  than r e c o r d e r s  (as in DTA). 

The f i l m s  taken  of the m a s s  s p e c t r a l  t r a c e s  a r e  analyzed f r a m e -  
b y - f r a m e  fo r  t h e  o r d e r  of appearance of spec ie s ,  and the  pa ren t  spec ie s  
deduced from s t r u c t u r a l  cons idera t ions  and compar i son  with s t anda rd  mass  
s p e c t r a  (when ava i l ab le ) .  

1 

Figure  4 shows a typical sequence fo r  H P 2 .  

I t  i s  expec ted  that the key s p e c i e s  in the initiation r eac t ion ( s )  fo r  4 

t h e r m a l  decomposi t ion can  be  those  which a r e  a t tached  t o  the  molecule  
with the weakest bonds ,  and hence appea r  f i r s t  ( a t  low t e m p e r a t u r e s )  in 
the f i lms  of the  m a s s  spec t r a .  Seve ra l  of the key  spec ie s  a r e  selected,  
and t h e i r  s p e c t r a l  i n t ens i t i e s  a r e  plotted a s  a function of t i m e  ( and /o r  
t e m p e r a t u r e ) ,  a s  i n  F igu re  5, to  facil i tate deduction of the pyro lys i s  
mechan i sm.  
Gre leck i  and C r u i c e  (Ref.  2 )  and by Levy, Von E lbe ,  F r i e d m a n ,  Wallin 
and Adarns (Ref.  3 ) :  

T h e  d a t a  a r e  cons is ten t  with the  m e c h a n i s m s  postulated b y  

The f i r s t  p e a k  in  the  t ime / in t ens i ty  plot i s  definitely due only 
t o  HC104, co r re spond ing  to  equation ( I ) ,  w h e r e a s  the second peak has 
definite contributions f rom both N2H4 and HC104. 

T o  be  ab le  t o  ex t rapola te  the  da ta  obtained a t  one t e m p e r a t u r e  
and  reac t ion  r a t e  t o  ano the r  t e m p e r a t u r e ,  e .  g . ,  shelflife pred ic t ion ,  
combustion r a t e s ,  e t c . ,  it i s  n e c e s s a r y  t o  de r ive  the  ac t iva t ion  ene rg ie s  
and preexponent ia l  f ac to r s  fo r  the r eac t ions .  For tuna te ly ,  fo r  the 
determinat ion of t h e  ac t iva t ion  ene rgy  (E) ,  absolu te  r eac t ion  r a t e  da ta  
a r e  not requi red ,  but only the  shape of the  cu rve  and the  s lope  which 
c a n  be  der ived t h e r e f r o m .  In the unca l ibra ted  m a s s  spec t romete r ,  the 
l ine intensity,  I ,  of a given spec ie s  i s  r e l a t ed  to  i ts  pa r t i a l  p r e s s u r e ,  P, 
in  the ion c h a m b e r  in an  unknown but cons tan t  proport ion during a n y  
par t icu lar  e x p e r i m e n t .  P, in turn ,  is propor t iona l  t o  the difference 
between the r a t e  of gene ra t ion  of a spec ie s  and the  r a t e  a t  which i t  is 
r emoved  by pumping and  by  injection into the flight tube  a s  ions. 
difference is a l s o  an  unknown but constant fac tor  during a n y  given experiment .  

The  

/ I  
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Method I 

If the r a t e  of genera t ion  of a spec ie s  can  be r e p r e s r n t r d  b y  the 
Ar rhen ius  r a t e  expres s ion  a s  a f i r s t  o r d e r  reac t ion ,  then: 

I OC P aC (I/x) (dx/d t )  :: k = A  cxp. (-E/RT) 

o r  

I = B cxp. ( - E / R T )  

Wherein B contains the  Ar rhen ius  f requency fac tor ,  A, the n i a s s  spec t romete r  
s y s t e m  cons tan ts ,  and the  f rac t ion ,  x, of a given spec ie s  which r e m a i n s  
unreac t ive  a t  a n y  given t i m e .  Considerat ion of x as  constant ove r  a s m a l l  
t i m e  or t e m p e r a t u r e  in t e rva l  in t roduces  only a small e r r o r  in  calculating 
E ,  s ince  it is t he  f rac t ion  r eac t ed  which is important  in th i s  c a s e ,  and not 
the  absolu te  quantity. Taking the  logari thm of the  function y ie lds :  

2.  303 log I =-E/RT t 2.303 log B 

A plot of log I v e r s u s  1 /T  should yield a s t ra ight  line with a slope 
of - E / ( 2 .  303R). 
m a y  b e  of value l a t e r  t o  eva lua te  A, specific r eac t ion  r a t e s ,  and  mass 
s p e c t r o m e t e r  s y s t e m  cons tan ts .  

T h e  in te rcept  a t  log I = 0 will  yield a value of log B which 

Method I1 

For complete  definition of the r eac t ion  kinetics,  the value of the  
reac t ion  r a t e ,  r eac t ion  r a t e  cons tan t ,  or  pre-exponential  f ac to r  mus t  b e  
de t e rmined  a s  well  a s  the  activation energy.  The r a t e  of disappearance 
of reac tan t ,  hence r a t e  of appea rance  of products ,  during a f i r s t  o r d e r  
reac t ion  i s  given by: 

dx/dt = kx 

o r :  

( l / x ) (dx /d t )  = k 

\vhich i s  ma themat i ca l ly  ident ica l  to: 

d ( ln  x ) / d t  = k (where & r e f e r s  t o  na tu ra l  l oga r i thms)  

o n  integration between l imi t s :  

I n  x, - In x = In (x2 /x I  = k (tz - t l )  
L 1 
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Since  the r a t io  x / x  
f ract ion of the ab2sotute value, the above r a t c  r x b r c s s i o n s  a r c  likcu.ise 
indifferent to  the \yay in u.hich x i s  exp res sed .  
t he  differential  na tu re  of the analyt ical  technique provides  the key whereby 
the absolute reac t ion  r a t e s  and pre-exponent ia l  f ac to r s  may  be derived 
f r o m  the data taken b y  the unca l ibra ted  sys t em.  The  total  a r e a  enclosed 
b y  the in tens i ty / t ime cu rve  for a given m a s s  spec ie s  r e p r e s e n t s  the total  
quantity of that  s p e c i e s  which was  formed a s  the r e su l t  of the react ion.  
Any portion of the total  a r e a ,  taken a t  a definite t i m e ,  then r e p r e s e n t s  a 
definite f ract ion of t he  quantity of that  spec ie s  which h a s  been fo rmed .  
The  total  a r e a ,  and sui table  f ract ions thereof ,  taken at  short  t ime  intervals  
dur ing  the ini t ia l  s t a g e s  of the react ion,  can  be replotted a s  In x v e r s u s  
t i m e .  
of. the plot, taken at s e v e r a l  t i m e s ,  co r re spond  to  va lues  of the absolute 

, r e a c t i o n  r a t e  constant ,  k, taken at  s e v e r a l  t e m p e r a t u r e s .  The  In k can 
then  be  plotted aga ins t  r ec ip roca l  absolu te  t e m p e r a t u r e  i n  the conventional 
m a n n e r ,  and  both the activation ene rgy  and the pre-exponent ia l  f ac to r ,  A ,  
de te rmined  routinely.  

is  the s a m c  whether x i s  an absolu te  value o r  a 

This  fact ,  toge ther  \vith 

Since each  t i m e  co r re sponds  to a definite t e m p e r a t u r e ,  the s lopes  

It is expec ted  that the activation ene rgy  for  the t h e r m a l  decomposition 
reac t ion  of a compound will ref lect  the activation ene rgy  of the p r i m a r y  
decomposition s p e c i e s .  The re fo re ,  the Ar rhen ius  plots of the f i r s t  detected 
spec ie s  i n  the HP2  decomposition calculated by Method I a r e  p re sen ted  in  
F igu re  6. T h e r e  a r e  two distinct r e g i m e s  - the  f i r s t ,  "low t empera tu re"  
r e g i m e  (labeled "A" on the g raphs )  i s  d r iven  solely by the ene rgy  input f rom 
t h e  platinum ribbon, while the second, "high t empera tu re"  r eg ime  (labeled 
"B" on the g r a p h s )  i s  one in which au toacce lera t ion  of the reac t ion  occur s .  

Work on H P Z  was pe r fo rmed  a t  Thiokol ' s  Reaction Moto r s  Division 
(RMD) (Ref. 21, using t ime- to -acce le ra t ion  techniques  with a c losed  vessel .  
T h i s  technique yields the activation e n e r g y  for  a reac t ion  which o c c u r s  
before  au toacce lera t ion  - which co r re sponds  to the "A" r eg ime .  
a s  presented  in F igu re  6 for  the "A" r eg ime  yields a value of 23 Kca l /mole ,  
which c o m p a r e s  r e m a r k a b l y  well  with the value of 23. 5 Kca l /mole  obtained 
a t  RMD. 
is establ ished.  
t he  m o r e  detailed data  t r ea tmen t  of Method I1 a r e  given in T a b l e  I. 
b e  noted that the act ivat ion ene rgy  is de te rmined  f r o m  the first $% decomposition, 
and  v e r y  s m a l l  e r r o r s  in the de te rmina t ion  of the fract ional  a r e a s  will yield 
l a r g e  e r r o r s  in the va lue  of the activation energy .  Other  l a r g e  e r r o r s  can 
b e  introduced when s m a l l  e r r o r s  a r e  made  in select ing the s lopes  f rom the 
c u r v e s  of f ract ion r e a c t e d  v e r s u s  t ime  ( f rom which the reac t ion  r a t e  constant, 
k. i s  obtained).  
a r e  drawn, and  t o  pe r sona l  judgment in es t imat ing  the tangent l ine.  Under 
t h e s e  c i r cums tances .  the ag reemen t  of the two s e t s  of data is encouraging. 
Fu tu re  de t e rmina t ions  will be made  with much  m o r e  c a r e  ove r  the f i r s t  
one to  two pe rcen t  of the decomposition in o r d e r  t o  improve  the a c c u r a c y  
of the r e su l t s .  

The  data 

Thus ,  the validity of the expe r imen ta l  and data reduct ion  techniques 
The  activation ene rgy  and frequency factor  de te rmined  f r o m  

It should 

i The s lopes  a r e  v e r y  sensi t ive to  the way in which the cu rves  

' 

4 
4 

When the act ivat ion e n r r g y  of 23 Kca l /mole  i s  used with the absolute 
r a t e  cons tan ts  o b t a i r m d s  the d ta i led t r ea tmen t ,  the Ar rhen ius  factor  i s  
found to  be (5 2 2 )  x 10 
of react ions.  

-7 sec .  , which i s  a r easonab le  value for these  types , I 
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It i s  of i n t e re s t  t o  note that the  vacuuni conditions pr rva i l ing  in 
these  expe r imen t s  p rec ludes  the  acce le ra t ion  of thc rcac t ion  by rcac t  1011 

products ,  s o  that  another  explanation fo r  the  obse rved  ac c r l c r a t i o n  mus t  
be sought. The expe r imen ta l  r e s u l t s  show that thc activation r n e r g y  for 
the  ini t ia l  s t ep  changes f r o m  23 Kca l  p e r  mole  during the p r c - a c c e l e r a t o r y  
per iod  to  86 Kcal  p e r  mole  during acce le ra t ion .  
acce le ra t ion  of the reac t ion  ( r a t e  of change in r eac t ion  r a t e  dur  t o  onc 
degree cent igrade  t e m p e r a t u r e  r i s e )  i s  m o r e  than 12 t i m e s  a s  g r e a t  fo r  
the  portion mith the 86 Kca l /mole  ac t iva t ion  ene rgy  a s  for t h e  por t ion  with 
the  23 Kcal / rnole  activation ene rgy .  

T h i s  m c a n s  tha t  the. 

b .  Hydrazinium Monopprchlorate  ( H P )  Sublimation 

T h e  postulated decomposition mechan i sm,  chemica l  equat ions  (1) 
and ( 2 )  sugges ts  the poss ib i l i ty  of a l s o  obtaining the hea t  of subl imat ion 
of H P  f r o m  the FMTA data.  Since N2H4 is c h a r a c t e r i s t i c  of H P  only, 
then  the  hea t  of sublimation should be found by a p p l y i y  the  C laus ius -  
Clapeyron equation t o  the  m / e  = 23 ion spec ie s  (N2H3 ). The  p rev ious  
a rgumen t s  regarding mass s p e c t r o m e t e r  s y s t e m  cons tan ts  apply t o  th i s  
determinat ion as  well. T h e  in t eg ra t ed  form of the  Clausius-Clapeyron 
equation i s .  

A s  befo re ,  the p r e s s u r e  r a t io s  a re  equivalent t o  the  in tens i ty  r a t i o s ,  so  
tha t  a plot of In I v e r s u s  1 /T  will  yield a s t r a igh t  l ine with slope equal  to  

/ R .  F r o m  th i s  plot, shown in  F igu re  7 ,  the  hea t  of subl imat ion ,  AHsub. , is calculated t o  be 32 Kca l /mole .  
with hhd value of 29 .2  Kca l /mole  de t e rmined  by  Levy e t  a l i i  (Ref.  3 ) ,  
using a n  equi l ibr ium vacuum subl imat ion  technique. 

-AH 
T h i s  c o m p a r e s  v e r y  well  

5. CONCLUSIONS 

The  FMTA technique h a s  b e e n  shown t o  be  a powerful t oo l  fo r  
the  investigation of t h e r m a l  decomposi t ion of solid m a t e r i a l s  s ince  the  
reac t ion  m e c h a n i s m s  and kinetic r a t e  da ta  can  be  obtained f r o m  a single 
expe r imen t .  In s o m e  c a s e s ,  kinetic da ta  (e .  g . ,  A r r h e n i u s  f requency 
f a c t o r s )  and p r i m a r y  decomposition spec ie s  can  be  obtained by  no o ther  
c u r r e n t  technique. T h e  r e s u l t s  of t he  FMTA technique do not depend 
upon ted ious ,  unre l iab le ,  and r epea ted  mass  s p e c t r o m e t r i c  ca l ib ra t ion  
p rocedures ,  t he re fo re  many m o r e  useful expe r imen t s  can be  p e r f o r m e d  
with equipment previously considered unsuitable f o r  quantitative m e a s u r e -  
m e n t s .  

I 
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! , 
\ 

S p e c i e s  

HC10; 
(parent) 

' S p e c i e s  

, 
N2H: 
(from N2H4) 

i 

TABLE I 

ENERGIES FOR HP2 THERMAL EVENTS 

' Decomposit ion Activation E n e r g i e s  (Kcal /mole)  
T h i s  Work 
A - B (Ref .  2 )  m/e - 

100 23 86 23 .  5 

H P  HEAT OF SUBLIMATION ( K c a l / m o l e )  

This Work (Ref. 3 )  

32 2 9 . 2  
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Figure 4 M a s s  Spectra from FMTA of H P  
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